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Magnetic resonance imaging (MRI) is a prevalent diagnostic technique in medicine, due to its high temporal and spatial resolution, penetration depth, superb soft tissue contrast, and the lack of harmful ionizing radiation. Contrast in MRI is essentially obtained by differences in local proton density and spatially varying relaxation times in the tissue of interest. MRI has moderate sensitivity compared to nuclear or optical imaging and therefore requires, in certain cases, amplification strategies to enhance water proton relaxation, such as the use of a contrast agent. MRI has great potential for molecular imaging (MI), which can provide spatially and temporally resolved maps of biomarkers (pH, presence of cations, enzymes, metabolites, temperature, etc.) to unravel molecular processes in tissues rather than their simple morphology. MI might enable earlier diagnosis, as these physiological changes happen prior to the morphological changes typically monitored by traditional MRI. MI requires the use of a contrast agent selective to the biomarker to detect.

The majority of MRI contrast agents are Gd^3+^ complexes, which affect mainly the longitudinal relaxation time T~1~. Their efficiency, called relaxivity *r* ~1~, is defined by the paramagnetic relaxation rate enhancement of water protons by concentration unit of the agent. Two main approaches exist to render Gd^3+^ complexes responsive to the presence of a biomarker: altering either the number of water molecules directly coordinated to Gd^3+^, *q*, or the rotational correlation time, *τ* ~R~, of the complex.[1](#chem201901157-bib-0001){ref-type="ref"} With the "*q*‐activated" approach, the response is roughly constant at any magnetic field, whereas with the "*τ* ~R~‐activated" approach (*τ* ~R~ modulation), the response is highly field‐dependent. The effect of *τ* ~R~ on relaxivity is reflected in the characteristic shape of the ^1^H nuclear magnetic relaxation dispersion (NMRD) profile of slowly tumbling systems and provides the best efficiency at intermediate fields (relaxivity peak between 0.5--1.5 T).[2](#chem201901157-bib-0002){ref-type="ref"} At higher magnetic fields (3 T and above), where the resolution of MRI is better, the benefit of long *τ* ~R~ on proton relaxivity is diminished.

Fast field‐cycling magnetic resonance imaging (FFC‐MRI) is a novel strategy in MRI that takes specific advantage of the magnetic field dependency of relaxivity. In contrast to conventional MRI where the main magnetic field is fixed, in FFC‐MRI the magnetic field can be altered during the imaging sequence.[3](#chem201901157-bib-0003){ref-type="ref"} This allows for exploiting field‐dependent information based on the partial derivative of the longitudinal relaxation rate with respect to the magnetic field, dR~1~/dB~0~. This method is particularly interesting to visualize slowly tumbling agents with high R~1~ dispersion (i.e., high dR~1~/dB~0~; R~1~=1/T~1~ and r~1~=(R~1~−R~1dia~)/\[Gd\], where R~1dia~ is the diamagnetic contribution to the relaxation rate and \[Gd\] is the concentration of the contrast agent). It was successfully used to image probes that exhibit a strong relaxivity response upon protein binding, especially in the case of human serum albumin (HSA).[4](#chem201901157-bib-0004){ref-type="ref"} To the best of our knowledge, this technique has not been used for responsive contrast agents. We demonstrate here its potential in zinc detection.

Zinc plays a pivotal role in various cellular processes including enzyme activities, DNA and protein synthesis or signal transduction.[5](#chem201901157-bib-0005){ref-type="ref"} Misregulations in Zn^2+^ homeostasis are associated with diabetes,[6](#chem201901157-bib-0006){ref-type="ref"} cancers,[7](#chem201901157-bib-0007){ref-type="ref"} and neurodegenerative diseases.[8](#chem201901157-bib-0008){ref-type="ref"} Significant effort has been devoted to non‐invasive imaging of Zn^2+^ distribution to study its role in biological processes and to improve early stage diagnosis of diseases. Zn^2+^‐responsive probes have been designed based on *q* or *τ* ~R~ modulation.[9](#chem201901157-bib-0009){ref-type="ref"} The rotational correlation time is typically controlled through binding of the Gd^3+^ complex to a macromolecule or protein, which becomes more important after Zn^2+^ coordination (Figure [1](#chem201901157-fig-0001){ref-type="fig"}). This approach was mostly investigated for HSA because of its high concentration (0.6 m[m]{.smallcaps}) and the presence of several binding sites at the surface of the protein.[10](#chem201901157-bib-0010){ref-type="ref"} Although the relaxivity response to Zn^2+^ is remarkable at intermediate fields with these systems, it decreases dramatically at high fields.[1a](#chem201901157-bib-0001a){ref-type="ref"} *q*‐activated contrast agents could represent an efficient way to obtain a maximal response at higher fields, but their rational design remains a difficult challenge especially for metal ion detection. Indeed, the coordination spheres of both Gd^3+^ and the cation to detect, as well as the flexibility and length of the linker between the Gd^3+^‐ and the Zn^2+^‐coordinating units should be all controlled in the design.[9](#chem201901157-bib-0009){ref-type="ref"} Therefore, novel strategies allowing sensitive, high‐field MRI detection of *τ* ~R~‐activated responsive probes are highly desirable.

![Chemical structure of the contrast agent and schematic representation of Zn^2+^ detection mechanism, based on *τ* ~R~ modulation due to increased binding affinity in the presence of Zn^2+^.](CHEM-25-8236-g001){#chem201901157-fig-0001}

Herein, we report on using FFC‐MRI with a *τ* ~R~‐activated, Zn^2+^ responsive agent in the presence of HSA. FFC‐MRI takes benefit of the change of dR~1~/dB~0~ (slope in the NMRD profile), rather than the absolute difference in R~1~=1/T~1~ at a fixed magnetic field, upon Zn^2+^ binding. In a proof‐of‐concept in vitro experiment, we demonstrate that it is possible to overcome the loss of efficiency at a clinically relevant field strength and to generate Zn^2+^ dependent image contrast. Indeed, though the agent does not respond to Zn^2+^ in classical MRI at 3 T, 166 % MRI intensity increase is achieved upon Zn^2+^‐binding in FFC‐MRI at the same field.

Our Zn^2+^‐responsive probe, GdL, comprises three moieties: (1) a Gd^3+^‐complexing unit based on a pyridine backbone; (2) a bis(pyridinylmethyl)amine (DPA) for Zn^2+^ chelation; and (3) a linker (Figure [1](#chem201901157-fig-0001){ref-type="fig"}). The pyridinic backbone has shown to possess relatively good thermodynamic stability and kinetic inertness, which previously enabled its safe application in animal studies.[11](#chem201901157-bib-0011){ref-type="ref"} In this complex, Gd^3+^ has two inner sphere water molecules, which are not replaced by physiological anions, and result in a high relaxivity. DPA displays good affinity (*K* ~d~=7.57) and sufficient selectivity[12](#chem201901157-bib-0012){ref-type="ref"} for Zn^2+^, and has been previously used for the detection of Zn^2+^ by MRI.[13](#chem201901157-bib-0013){ref-type="ref"}

The hydrophobic moieties of the Gd^3+^ complex promote interaction with HSA, which generate a field‐dependent relaxometric response to Zn^2+^ at physiological HSA concentration as illustrated in Figure [2](#chem201901157-fig-0002){ref-type="fig"}. The NMRD profiles, both in the presence and in the absence of Zn^2+^, show the hump typical for macromolecular systems at intermediate fields. The Zn^2+^ response is maximal at 0.7--1 T with a relaxivity increase of about 25 % upon Zn^2+^‐binding. In contrast, at 9.4 T, a roughly 30 % relaxivity decrease is obtained, while around 3 T, the response vanishes as the two NMRD profiles cross each other. In accordance with these results, no visible difference in R~1~ can be observed in response to increasing Zn^2+^ concentration in solutions of GdL and HSA, by using standard MRI methods at 3 T (Figure [3](#chem201901157-fig-0003){ref-type="fig"} b).

![^1^H NMRD profiles of GdL alone (1.35 m[m]{.smallcaps}), GdL (0.26 m[m]{.smallcaps}) and GdL‐Zn (equimolar ratio; 0.27 m[m]{.smallcaps}) in the presence of 0.6 m[m]{.smallcaps} of HSA at pH 7.4 (HEPES buffer) and 298 K; the symbols represent measured points and the dashed lines serve to guide the eye.](CHEM-25-8236-g002){#chem201901157-fig-0002}

![(a) Sample arrangement for the MR phantom measurements. (b) R~1~ map obtained at the nominal B~0~ field strength (2.89 T) of the MRI system. No visible difference in R~1~ can be observed upon the addition of Zn^2+^. (c) ΔR~1~/ΔB~0~ map calculated by subtracting R~1~ maps for 2.99 and 2.79 T. The high contrast for samples with increasing Zn^2+^ concentration should be noted. See the SI for image acquisition details.](CHEM-25-8236-g003){#chem201901157-fig-0003}

For FFC‐MRI, the hardware was realized by means of an additional B~0~ insert coil synchronized with a clinical MRI system with a main magnetic field strength B~0~ of 2.89 T.[14](#chem201901157-bib-0014){ref-type="ref"} The field‐cycling hardware is capable of generating offset fields ΔB~0~ of ±100 mT within a minimum ramp time of 1 ms. Images were acquired at three different evolution fields (2.79, 2.89, and 2.99 T) using a saturation prepared spin echo sequence, where B~0~ was ramped to the desired field‐shift for a duration T~evol~ between the preparation pulse and image acquisition. A detailed description of the imaging experiments and the analysis of the regions of interest (ROI) is given in the Supporting Information (SI).

R~1~ maps were obtained at 2.89 T (the nominal B~0~ field strength of the MRI system; Figure [3](#chem201901157-fig-0003){ref-type="fig"} b), 2.79 T (Figure S1c), and 2.99 T (Figure S1d) by cycling the evolution field. The magnetic field dependence was calculated from the difference between R~1~ maps for 2.99 T and 2.79 T. After normalization with ΔB~0~, this yields the R~1~ dispersion map presented in Figure [3](#chem201901157-fig-0003){ref-type="fig"} c (i.e., ΔR~1~/ΔB~0~ within the achievable field‐cycling range). No significant ΔR~1~/ΔB~0~ is visible for the reference samples containing Gadovist[15](#chem201901157-bib-0015){ref-type="ref"} and GdL without HSA as expected from the NMRD profile. The complex without Zn^2+^ in the presence of HSA shows a background dispersion due to the formation of the GdL‐HSA adduct as shown in the NMRD profile (Figure [2](#chem201901157-fig-0002){ref-type="fig"}). It represents the "inactivated" state of the probe. The FFC‐MRI signal intensity increases with increasing Zn^2+^ concentration up to one equivalent of Zn^2+^ (Figure [3](#chem201901157-fig-0003){ref-type="fig"} c; see Table S1 in the SI for values). Figure [4](#chem201901157-fig-0004){ref-type="fig"} (and Table S1, SI) summarizes the relative signal enhancement upon Zn^2+^ addition to the GdL/HSA solution. The maximum signal enhancement is about 166 % upon the addition of 1 equivalent of Zn^2+^, in contrast to no signal enhancement detected with standard MRI at the nominal field strength of 2.89 T. This is quite remarkable because, even at the most optimal field (0.5 T), the relaxivity change upon Zn^2+^‐binding is only 26 % for this probe (see NMRD profile). For comparison, 100 to 220 % relaxivity changes were reported for *q*‐activated Zn‐responsive contrast agents.[16](#chem201901157-bib-0016){ref-type="ref"} Similar relaxivity response (165 %) was obtained for the most‐studied *τ* ~R~‐activated contrast agent at 0.5 T;[13c](#chem201901157-bib-0013c){ref-type="ref"} however, at higher field the response decreases dramatically. This last agent was used in vivo to detect Zn^2+^ in the pancreas[17](#chem201901157-bib-0017){ref-type="ref"} or in prostate cancer.[18](#chem201901157-bib-0018){ref-type="ref"} These studies were performed at 9.4 T, where relaxometric data predict about 50 % relaxivity response to Zn^2+^. In a recent study, Zn^2+^ was imaged with another contrast agent providing a relaxivity response of only 7.5 % at the imaging field of 9.4 T.[19](#chem201901157-bib-0019){ref-type="ref"} With the FFC‐MRI technique, remarkably higher signal variations are achieved. Moreover, the ΔR~1~/ΔB~0~ signal increase is linearly proportional to Zn^2+^ concentration (see the SI for linear regression analysis). This, combined with our previously reported bimodal quantification approach,[20](#chem201901157-bib-0020){ref-type="ref"} might open unprecedented opportunities towards high precision zinc quantification.

![Percent signal enhancement of the Zn^2+^ response for a change in R~1~ at the nominal B~0~ of the MRI system (left) and the change of ΔR~1~/ΔB~0~ accessed by FFC‐MRI (right). The signal enhancement was calculated with respect to the value obtained for the GdL‐HSA complex without Zn^2+^; data is presented in 1st quartile, median, and 3rd quartile. The activation response is linear with respect to an increasing Zn^2+^ concentration (up to 1 equiv Zn^2+^); see the SI for the linear regression analysis.](CHEM-25-8236-g004){#chem201901157-fig-0004}

In the magnetic field range of 1.5 T to 3 T, routinely used for clinical imaging, the R~1~ dispersion of tissues is inherently weak. For contrast agents exhibiting a large ΔR~1~/ΔB~0~, this small tissue R~1~ dispersion (e.g., −0.19 s^−1^T^−1^ for murine muscle tissue at 1.5 T) represents a negligible anatomical background signal.[21](#chem201901157-bib-0021){ref-type="ref"} In our example, if any free (not protein‐bound) GdL or GdL‐Zn is present, it will be "silent" (see Figure [3](#chem201901157-fig-0003){ref-type="fig"} c), as the NMRD curves of such small complexes show no dispersion at these fields. On the other hand, the binding of GdL to HSA in the absence of Zn^2+^ entails a dispersion (background signal) that cannot be suppressed in the FFC‐MR image. In order to decrease this signal of the inactivated state and to generate an even more important response to Zn^2+^, the affinity of the GdL probe for HSA could be decreased.

It is important to estimate the in vivo detection limit of zinc. Considering the linear response of ΔR~1~/ΔB~0~ to zinc concentration and assuming that the background signal is provided by the GdL‐HSA adduct, a rough estimate of the detection limit would be 60 μ[m]{.smallcaps} Zn^2+^ (corresponding to ≈0.2 equiv Zn^2+^ for 0.3 m[m]{.smallcaps} GdL concentration; see the SI for details). The contrast agent concentration used in this proof‐of‐principle study lies in the clinically relevant region (the approved dose ranges from 0.1 to 0.3 mmol kg^−1^);[22](#chem201901157-bib-0022){ref-type="ref"} and the estimated Zn^2+^ detection limit matches physiological concentrations which attain 100 μ[m]{.smallcaps} to 1 m[m]{.smallcaps} in pancreatic regions or neurons.[23](#chem201901157-bib-0023){ref-type="ref"} It should be noted that FFC‐MRI requires an insert coil to vary the B~0~ field which, with respect to classical MRI, implies technical constraints on image acquisition, such as duty cycle considerations for electromagnetic operation, prolonged scan times and limited imaging region.[3b](#chem201901157-bib-0003b){ref-type="ref"} Despite these constraints, pre‐clinical FFC‐MRI studies have been promising and show the feasibility of in vivo visualization of MRI probes with a detection limit of ≈40 μ[m]{.smallcaps}.[3c](#chem201901157-bib-0003c){ref-type="ref"}, [4b](#chem201901157-bib-0004b){ref-type="ref"}, [4c](#chem201901157-bib-0004c){ref-type="ref"}, [21](#chem201901157-bib-0021){ref-type="ref"} This is rather encouraging as it suggests that the contrast agent concentration used in our study can be reduced which implies an even lower Zn^2+^ detection limit. Additional technical improvements and post‐processing methods such as image denoising can further contribute to better detection limits, which will be subject of future investigations.

To conclude, we have demonstrated successful Zn^2+^ detection at 3 T using FFC‐MRI (166 % intensity increase), whereas no detection was possible with the same probe at this field using conventional MRI. As the chemical design of efficient Zn^2+^ responsive probes adapted to classical T~1~ detection at high fields remains a challenge, FFC‐MRI represents a highly interesting alternative. It can potentially add value to a great number of previously reported responsive probes that did not produce a detectable signal change at high fields. This technique is not solely limited to the detection of zinc, but can be adapted for the detection of any biomarker.
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